Dendrites are neuronal structures specialized for receiving and processing information through their many synaptic inputs. How input strengths are modified across dendrites in ways that are crucial for synaptic integration and plasticity remains unclear. We examined in single hippocampal neurons the mechanism of heterosynaptic interactions and the heterogeneity of synaptic strengths of pyramidal cell inputs. Heterosynaptic presynaptic plasticity that counterbalances input strengths requires N-methyl-D-aspartate receptors (NMDARs) and astrocytes. Importantly, this mechanism is shared with the mechanism for maintaining highly heterogeneous basal presynaptic strengths, which requires astrocyte Ca 2+ signaling involving NMDAR activation, astrocyte membrane depolarization, and L-type Ca 2+ channels. Intracellular infusion of NMDARs or Ca
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synapse heterogeneity | synaptic strength | astrocyte | hippocampal neuron | heterosynaptic plasticity A n enduring challenge in neurobiology is to understand how neurons set the strengths of their numerous synapses to efficiently process and store different information while maintaining network homeostasis. Electrophysiology and imaging approaches have revealed that synapses display a high degree of functional heterogeneity, even for those sharing the same axon or dendrite (1) (2) (3) . The observation that synaptic strengths are heterogeneous, in turn, suggests that synapses can operate independently from one another. Accordingly, many studies have demonstrated the input-specificity of Hebbian and also of homeostatic forms of synaptic plasticity, where synaptic changes are restricted to inputs whose activity is altered (4) (5) (6) . Nevertheless, such a synapse-autonomous behavior could potentially compromise the global network homeostasis by biasing the overall activity toward excitation or depression, and to overcome this issue, it has been proposed that distinct inputs cooperate by coordinating their relative strengths through heterosynaptic interactions (7) (8) (9) . In support of the idea that synapses behave as interdependent rather than isolated functional units, the restriction of synaptic strength changes to active inputs has been demonstrated to break down at times, with the induction of synaptic plasticity in the stimulated input accompanying either synaptic depression or potentiation of the nonstimulated inputs (10) (11) (12) (13) . In a highly studied plasticity paradigm of long-term potentiation (LTP) at hippocampal Schaffer collateral-CA1 synapses, tetanic stimulation that induces LTP is often accompanied by presynaptic long-term depression (LTD) of nonstimulated Schaffer collateral-CA1 synapses (11, 13, 14) . Heterosynaptic LTD might be advantageous for sharpening the difference between the strengths of active and inactive inputs received by the postsynaptic CA1 neuron, and by counterbalancing potentiation, heterosynaptic LTD might help promote the stability of the overall CA3-CA1 connection by placing limits on excitation.
Among the proposed mechanisms for mediating heterosynaptic interactions, the astrocyte network has recently emerged as a key regulator (15, 16) . Astrocytes display fine processes that are proximal to synapses, and they can detect and integrate local synaptic activity (17) (18) (19) (20) (21) . Moreover, astrocytes are coupled to each other through gap junctions, and by forming a network, they are thought to be capable of modulating the efficacy of a population of synapses by coordinately releasing diffusible gliotransmitters such as glutamate, endocannabinoids, ATP or D-serine that target synaptic receptors (15, 16) . In the hippocampus, astrocytes respond to Schaffer collateral stimulations (14, (22) (23) (24) , and they mediate tetanus-induced heterosynaptic presynaptic LTD at CA1 synapses through purinergic signaling (14, (25) (26) (27) . The involvement of astrocytes in heterosynaptic depression of nonstimulated inputs raises the intriguing possibility that astrocytes might actively play a role in balancing synaptic strengths between different inputs. Whether such astrocyte-dependent regulation is a basic mechanism that controls bidirectional heterosynaptic interactions in spontaneously active networks and if such a regulation is implemented at the level of single inputs are unclear.
Significance
We addressed the basic mechanisms underlying synapse heterogeneity, and we identified a form of regulation that serves to increase the variations in the efficacy with which neurons communicate with each other through synapses. We demonstrate that this process requires astrocytes, which, previously, have been thought to play mostly a passive role in maintaining neuronal functions. The cellular mechanism that regulates synaptic efficacy requires astrocyte membrane depolarization, activation of astrocyte NMDA receptors, and astrocyte calcium signaling. The fundamental nature of the regulation is underscored by the preservation of the mechanism from acute brain slices down to dissociated cultures that lack the native topology of brain networks.
Here, using electrophysiology and optical methods, we addressed the basic cellular principle governing the distinctness of individual synaptic inputs. Specifically, we examined whether and how two comparable inputs from a same neuron type show coordinated regulation of their synaptic strengths when they share the target neuron. In both hippocampal dissociated cultures and acute slice preparation, we find that presynaptic strengths of inputs received by a postsynaptic neuron are highly heterogeneous. The differences in presynaptic strengths are controlled and maintained by astrocyte Ca 2+ signaling requiring NMDA receptors (NMDARs) and L-type voltage-gated Ca 2+ channels (L-VGCCs). This mechanism is shared at least in part, by that of activity-dependent heterosynaptic interactions in which the presynaptic strength of the nonstimulated input is counterbalanced relative to the presynaptic strength of the stimulated input, and such a plasticity mechanism could further augment the variations in presynaptic strengths. Importantly, under basal conditions, the presynaptic strengths of convergent inputs become rapidly correlated on blocking NMDARs or L-VGCCs or by buffering Ca 2+ in astrocytes, and such correlation is also observed when GRIN1 is conditionally deleted in astrocytes. Furthermore, hyperpolarizing astrocytes by light activation of archaerhodopsin (ArchT) promotes the correlation of presynaptic input strengths over the time scale of minutes. These findings reveal an important contribution of activity-dependent astrocyte signaling in diversifying the strengths of convergent presynaptic connections received by the postsynaptic neuron.
Results

Activity-Dependent Coordinated Modulation of Presynaptic Strengths
in Hippocampal Networks. To explore whether synaptic inputs operated in isolation or in coordination with one another and to determine how this could impact synapse heterogeneity, we examined the extent to which activity-dependent synaptic changes were restricted to stimulated inputs. To this end, we compared two independent monosynaptic inputs onto a single postsynaptic neuron. We reasoned that a fundamental mechanism should operate not only in a native brain circuit but it should be recapitulated in a simplified neuronal network formed in culture. We took advantage of low density dissociated hippocampal neurons cocultured with glia, in which unitary connections formed between identified neurons can be stimulated and monitored through multiple whole-cell patch-clamp recordings with relative ease. Triple patch-clamp experiments (Fig. 1A ) were restricted to cases in which the two presynaptic neurons showed no direct synaptic coupling to each other. To induce synaptic changes at a given input, we tested a variety of stimulation paradigms that were used previously in dissociated cultures similar to ours (28-31); we finally opted for a low-frequency stimulation protocol (1 Hz for 3 min; Materials and Methods) that efficiently induced long-lasting changes in excitatory postsynaptic current (EPSC) amplitude in ∼80% of the recordings [n = 17 of 21; no change in n = 4 of 21 (+0.99 ± 1.7%); Fig. 1 B and C] . Interestingly, the direction of plasticity was variable, and the stimulation could produce either potentiation (+25.9 ± 4.4%, n = 6 of 21 recordings) or depression (−29.9 ± 3.8%, n = 11 of 21) of the EPSC amplitude in the stimulated input (referred as "homosynapses"; Fig. 1 B and C) . Furthermore, EPSC amplitude changes were inversely correlated with paired-pulse ratio (PPR) and CV −2 ( Fig. 1 B and E and Fig.  S1A ), two parameters related to neurotransmitter release probability (p r ) (28, (32) (33) (34) . When the same stimulation paradigm was given to a cell pair in which the presynaptic neuron expressed VGLUT-pHluorin, a reporter of synaptic vesicle exo-endocyosis, the readily releasable vesicle pool that was proportional to p r (1) also showed potentiation (two of six pairs), depression (one of six pairs), or no change (three of six pairs), which further confirmed the presynaptic origin of plasticity (Fig. S2 ). This observation was consistent with presynaptic expression of plasticity that had been previously reported for hippocampal synapses (28, 30, 33, (35) (36) (37) . Importantly, EPSC amplitude change in the stimulated input was often accompanied by a stable EPSC amplitude change in the unstimulated input (referred as "heterosynapses"), suggesting that the expression of synaptic plasticity was not confined to the stimulated input (Fig. 1D) . Therefore, this stimulation paradigm allowed us to study the properties of heterosynaptic interactions involving changes in synaptic strength. As for homosynapses, heterosynaptic EPSC amplitude changes were highly heterogeneous (potentiation: +28.4 ± 4.0%, n = 6 of 21 recordings; depression: −22.4 ± 5.9%, n = 7 of 21; no change: 0.7 ± 5.2%, n = 8 of 21; Fig. 1D ) and correlated with changes in the presynaptic parameters PPR and CV −2 ( Fig. 1F and Fig. S1B) . Surprisingly, the direction and the magnitude of homo-and heterosynaptic changes appeared nonetheless uncorrelated to each other (Fig. 1G) , indicating that the active and inactive inputs interacted nonuniformly.
Given that the heterosynaptic change was induced by stimulating the homosynaptic input, we asked if there was a homosynaptic parameter that was related to the direction and the magnitude of the heterosynaptic change. We found that the extent changes in heterosynaptic EPSC amplitude or PPR were correlated to the initial PPR of the homosynaptic input but not to the homosynaptic PPR change (Figs. 1H and 2 A and B) nor to the initial homosynaptic amplitude (Fig. S3) . The apparent independence of the heterosynaptic changes to the homosynaptic amplitude suggests that the heterosynaptic change does not depend on the number of activated synapses. Notably, the heterosynaptic PPR change showed a significant inverse relationship to the initial homosynaptic PPR (heterosynaptic PPR = −0.47 × initial homosynaptic PPR + 0.45; r 2 = 0.23, P = 0.0292; Fig. 2B ), in that stimulating a high p r input was more likely to decrease p r of nonstimulated convergent inputs and vice versa. Such an activity-dependent coordinate modulation could play a potential role in sharpening the differences in the efficacies of active and inactive inputs received by the target neuron. . To gain insights into the mechanism by which stimulating the homosynaptic input produced the PPR change at the nonstimulated input, we first tested the involvement of postsynaptic Ca 2+ , which was implicated in some forms of heterosynaptic plasticity (12, 38) . However, after infusing the postsynaptic neuron with 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA; 30 mM) through the patch pipette, stimulating the homosynaptic input still produced changes in the heterosynaptic EPSC amplitude and PPR to extents comparable to the control condition (range of PPR change for control: −0.48 to 1.03, CV = 19.8, n = 21; for postsynaptic BAPTA: −0.72 to 0.32, CV = 21.8, n = 7; P = 0.7761, F test; Fig. 2C and Fig. S4 ), and the heterosynaptic PPR change remained inversely related to the basal homosynaptic PPR (heterosynaptic PPR = −1.43 × initial homosynaptic PPR + 1.04; r 2 = 0.75, P = 0.0111; Fig. 2 B and C). Therefore, heterosynaptic presynaptic plasticity in our culture system appears not to require postsynaptic Ca 2+ . We next examined a role for NMDARs and astrocytes that had been previously shown to mediate heterosynaptic LTD at hippocampal CA3-CA1 synapses (14, (25) (26) (27) 39) . Despite the apparent lack of requirement for postsynaptic Ca We also tested a possible role for L-VGCCs. The L-VGCC antagonist nifedipine (10 μM) did not prevent the bidirectional change in heterosynaptic PPR per se (range of PPR change for control: −0.48 to 1.03, CV = 19.8, n = 21; for nifedipine: −0.28 to 0.74, CV = 5.73, n = 8; P = 0.7398, F test; Fig. 2F and Fig. S4 ). Strikingly, however, nifedipine reversed the polarity of the inverse relationship between the heterosynaptic PPR change and the initial homosynaptic PPR into a positive one (heterosynaptic PPR = 0.67 × initial homosynaptic PPR -0.85, r 2 = 0.82, P = 0.0019; Fig. 2F ). This observation suggested that in the presence of nifedipine stimulating an input with high p r was likely to potentiate nonstimulated inputs and vice versa. Thus, although L-VGCCs were not essential for homo-or heterosynaptic plasticity, blocking their activity had the apparent effect of equalizing presynaptic strengths between homosynapses and heterosynapses in active networks. L-VGCC activity could contribute to the cellular process by which inactive inputs adapt to the strength of active inputs.
Given that NMDARs and astrocytes mediate heterosynaptic plasticity in cultured networks similarly to tetanus-induced heterosynaptic LTD in brain slices (14, 27) , we wondered if the apparent lack of requirement for postsynaptic Ca 2+ and the dependence on L-VGCCs of the polarity of heterosynaptic plasticity that we observed in cultured networks could be extended to brain slices. We tested this possibility by examining heterosynaptic LTD at CA3-CA1 synapses in acute hippocampal slices (14) . Two independent Schaffer collateral inputs were stimulated with extracellular electrodes (>200 μm apart) to evoke EPSCs in CA1 pyramidal neurons ( Fig. 3 A and B) . Applying three 100-Hz-1-s tetanus at 30-s intervals to one of the two inputs elicited homosynaptic LTP of EPSC amplitude (+62.9 ± 9.8%, n = 6; Fig. 3C ), whereas the EPSC amplitude of the nonstimulated input was stably decreased (−16.6 ± 8.5%, n = 6; Fig. 3C ). Unlike the homosynaptic LTP, the heterosynaptic LTD displayed a decrease in CV −2 and an increase in PPR (Fig. 3D) , which supported for a decreased p r as the basis for the synaptic depression, in agreement with previous reports (14, 25, 26) . Importantly, dialyzing the postsynaptic neuron with BAPTA fully blocked the homosynaptic LTP (−8.8 ± 7.7%; Fig. 3E ) in accord with its requirement for postsynaptic NMDARs (42) . In contrast, the heterosynaptic LTD still occurred (−17.4 ± 4.9%, n = 10), and CV −2 and PPR showed changes similarly to those observed in the absence of BAPTA ( Fig. 3 E and F) . Therefore, like heterosynaptic plasticity in cultured neurons, heterosynaptic presynaptic LTD in acute slices did not require postsynaptic Ca 2+ . Interestingly, when tetanic stimulation was applied in the presence of nifedipine or another L-VGCC inhibitor, nimodipine (10 μM), although homosynaptic LTP was elicited (nifedipine: +62.7 ± 29.3%, n = 5; nimodipine: +78.9 ± 28.7%, n = 8), heterosynaptic LTD was blocked, and no statistically significant changes in PPR and CV −2 were observed ( Fig. 3 G and H and Fig. S6 ). Rather, there was a tendency for an increase in the heterosynaptic EPSC amplitude (nifedipine: +6.4 ± 8.9%, n = 5; nimodipine: +9.5 ± 14.5%, n = 8), which was accompanied by a decrease in PPR in the majority of the recorded cells (nifedipine: five of five cells; nimodipine: four of eight cells). This increase in EPSC amplitude was reminiscent of the effect of nifedipine in reversing the direction of heterosynaptic plasticity in dissociated cultures.
Taken together, these results suggest that the mechanism of expression of heterosynaptic presynaptic plasticity is shared between hippocampal dissociated cultures and acute slices, and although independent of postsynaptic Ca 2+ , it involves NMDARs and astrocytes. Moreover, the finding that the polarity of heterosynaptic plasticity is reversed by L-VGCC inhibitors suggests that the heterosynaptic plasticity might regulate the disparity of presynaptic strengths between inputs.
Astrocyte NMDARs and L-VGCCs Promote Differences in Basal PPR of Convergent Inputs. In the above experiments, the counterbalancing of presynaptic strengths between convergent inputs was observed on deliberately stimulating one of the inputs to elicit homo-and heterosynaptic plasticity. We wondered whether the heterosynaptic coordination is exclusive to the induction of synaptic plasticity, or alternatively, stimulation could have simply exaggerated the presynaptic regulation that normally occurs under basal activity levels. If the latter were the case, one would expect to observe differences in the basal presynaptic strengths of convergent inputs, where the heterogeneity is regulated by astrocytes, NMDARs, and also by L-VGCCs. We next sought to test this possibility by comparing the basal presynaptic strengths of convergent inputs in cultures and acute slices.
Comparisons of PPR under basal conditions revealed that the PPR was heterogeneous and uncorrelated between two presynaptic neurons targeting a common postsynaptic neuron in culture and for two independent Schaffer collateral inputs onto a CA1 neuron in acute slices (Fig. 4 A and B and Fig. S7 A and B) .
In both cultures and acute slices, bath applying AP5 (50 μM) or nifedipine (or nimodipine, 10 μM) in the absence of any conditioning stimulation decreased the PPR difference between the convergent inputs, and basal PPR became more correlated across experiments (Fig. 4 C-E and Fig. S7 C and D) . Moreover, in cultures, 30-min treatment with fluoroacetate (5 mM) that inhibited heterosynaptic plasticity also promoted the correlation of PPR between inputs (Fig. S7E) . Whereas none of the drug treatments affected the average PPR compared with the control condition (control, 1.90 ± 0.12, n = 29; AP5, 1.86 ± 0.11, n = 11; nifedipine, 1.74 ± 0.10, n = 17, nimodipine, 2.21 ± 0.11, n = 11; Fig. S5 B and  D) , strikingly, in all drug treatment conditions, the PPR difference between the two inputs (the PPR disparity) was decreased by more than 50% in slices (control: 0.59 ± 0.13, n = 29; AP5: 0.23 ± 0.06, n = 9; nifedipine: 0.19 ± 0.06, n = 17; nimodipine: 0.23 ± 0.07, n = 11) and in cultures (control: 0.66 ± 0.17, n = 10; AP5: 0.20 ± 0.06, n = 9; fluoroacetate: 0.18 ± 0.05, n = 9; nifedipine: 0.28 ± 0.06, n = 7; Fig. 4F and Fig. S7F ). Therefore, conditions that compromised heterosynaptic plasticity resulted in increased correlation of basal PPR. The increase in correlation occurred relatively rapidly, in that nimodipine application in acute slices decreased the PPR disparity between the two inputs to its full extent within 10-15 min (−48.2 ± 9.3%, n = 6; Fig. 4G ). Altogether, these results suggest the existence of a cellular process involving astrocytes, NMDARs, and L-VGCCs that maintain variations in presynaptic strengths under basal conditions, which appears to be a basic process that is not strictly dependent on the native hippocampal circuit but is reproduced in a simplified culture network, and that this process is embedded in the mechanism of heterosynaptic plasticity. We next sought to obtain further insights into how astrocytes regulated the presynaptic strength heterogeneity and the relationship between astrocytes, NMDARs, and L-VGCCs in this mechanism. Having confirmed that the basic properties of heterosynaptic coordination of presynaptic strengths were shared between cultures and acute slices, we examined more detailed mechanisms primarily in acute hippocampal slices. We first determined a requirement for astrocyte Ca 2+ signaling by wholecell patch clamping an astrocyte in the area CA1 with a pipette containing BAPTA (30 mM) and waiting for >15 min. During this time, Alexa dye that was also included in the patch pipette spread across the astrocyte network that suggested of extensive gap junctional coupling (Fig. 4H) ; in turn, this observation indicated that BAPTA could also spread across the astrocyte network. Recording from a CA1 neuron close to the patched astrocyte, a comparison of the PPR of two independent Schaffer collateral inputs showed an ∼50% reduction in the PPR disparity compared with control recordings in which an astrocyte was patched without BAPTA for the same duration (control: 0.42 ± 0.11, n = 12; BAPTA: 0.20 ± 0.04, n = 12; Fig. 4 I, J, and N) . Thus, astrocyte Ca 2+ plays a role in decorrelating convergent presynaptic strengths.
We next sought to clarify the cellular location of NMDARs and L-VGCCs with respect to their involvement in the astrocytedependent mechanism of presynaptic strength regulation. Previous reports have suggested that both NMDARs and L-VGCCs are expressed in hippocampal astrocytes (43-48, but see ref. 49 ). (F) Summary of the average basal PPR difference for the same conditions (one-way ANOVA followed by Holm-Sidak's multiple comparison test, *P < 0.05, **P < 0.01). Data are expressed as mean ± SEM. (G) Time course of PPR disparity between two inputs when nimodipine is added to the bath (n = 6) or not (n = 7) (two-sample t test, *P < 0.05, **P < 0.01). Therefore, we tested whether NMDARs and L-VGCCs on astrocytes contributed to the observed PPR disparity. Analogous to the BAPTA experiment described above, the channels were blocked intracellularly by perfusing drugs into astrocytes via the patch pipette. We tested the following inhibitors: MK-801 (1 mM), a noncompetitive antagonist of NMDARs that was shown to block astrocyte NMDARs intracellularly (50); D890 (2 mM), a membrane impermeant verapamil derivative that blocks L-VGCCs (51, 52); and QX-314 (10 mM), a lidocaine derivative that has been shown to block voltage-gated channels including L-VGCCs (53). All three inhibitors reduced the PPR disparity between two convergent inputs by >50% compared with the control (control: 0.42 ± 0.11, n = 12; MK-801: 0.12 ± 0.03, n = 12; D890: 0.16 ± 0.06, n = 9; QX-314: 0.11 ± 0.03, n = 11; Fig. 4 K-N) .
Collectively, these results implicate a Ca
2+
-dependent signaling mechanism involving NMDAR and L-VGCC activities in astrocytes in decorrelating presynaptic strengths of convergent inputs.
Activation of Astrocyte NMDARs Depolarizes Astrocyte Membrane
and Opens L-VGCCs. To further clarify the contribution of NMDARs and L-VGCCs expressed in astrocytes to the observed regulation of PPR, we investigated whether astrocytes could directly respond to NMDA application and if this response required NMDAR or L-VGCC activity specifically in astrocytes. We performed whole-cell patch-clamp recordings from astrocytes in the area CA1 of hippocampal slices (Fig. 5A ). Astrocytes showed a linear I-V relationship with a low resting membrane potential under I-clamp (−85.2 ± 0.89 mV, n = 12; Fig. 5B ), and a dye included in the patch pipette efficiently diffused throughout the astrocyte network (Fig. 4H) . On bath applying NMDA and glycine (20 μM each for 3 min) in the presence of TTX (0.5 μM) to block action potentials (Fig. 5A ), we observed a large and slow depolarization of the astrocyte membrane potential (peak depolarization, 30.67 ± 0.59 mV, n = 12; Fig. 5 C and D) , which was in agreement with previous studies (46, 50) . In addition, observation of the NMDA response despite of the low resting astrocyte membrane potential and in the presence of 1.5 mM extracellular Mg 2+ was reminiscent of the weak Mg 2+ block found for NMDARs expressed by cortical astrocytes (54) . Lowering extracellular Ca
2+
(from 2 to 0.25 mM) or dialyzing astrocytes with MK-801 (1 mM) for 15 min before applying NMDA+glycine significantly reduced the peak depolarization by ∼45% and ∼65%, respectively (low Ca 2+ : 16.52 ± 4.36 mV, n = 4; intracellular MK-801: 11.63 ± 2.97 mV, n = 10); moreover, blocking L-VGCCs with bath applied nifedipine (10 μM) or nimodipine (10 μM), or intracellularly loading D890 (2 mM) or QX-314 (10 mM) also attenuated the peak depolarization by 25-45% (nifedipine: 17.12 ± 3.36 mV, n = 8; nimodipine: 21.02 ± 3.11 mV, n = 9; D890: 22.82 ± 2.2 mV, n = 9; QX-314: 23.59 ± 1.85 mV, n = 9; Fig. 5 C and D) . Together, these results indicate that NMDAR activation in astrocytes triggers astrocyte membrane depolarization that is strongly dependent on Ca 2+ -influx, and the depolarization, in turn, triggers voltagegated conductances, including those mediated by L-VGCCs.
GluN1 Expressed in Astrocytes Promotes the Differences in PPR of
Convergent Inputs. We next used a genetic approach to confirm the contribution of astrocyte NMDARs in controlling the PPR disparity between convergent inputs. To impair NMDAR activity specifically in astrocytes, we used mice homozygous for the floxed GRIN1 gene encoding GluN1, the obligatory NMDAR subunit (55) . Adeno-associated virus (AAV DJ/8) carrying either GFP or Cre-mCherry under the shortened version of the human glial fibrillary acidic protein (hGFAP) promoter (56) was microinjected bilaterally into the hippocampal area CA1 of 5-to 6-wk-old GRIN1 floxed mice. Two weeks after the injection, CremCherry was expressed in GFAP-positive cells that showed a highly ramified morphology typical of astrocytes but not in cells labeled for NeuN, a neuronal marker (Fig. 5E ; 0.7% of mCherry positive cells colabeled with NeuN; n = 138 cells from two slices). The robust neuronal expression of NMDARs might interfere with assessing the efficacy of GluN1 conditional KO by a biochemical or immunolabeling approach. Therefore, we used a functional assay by whole-cell patch-clamping astrocytes in hippocampal slices prepared from virus injected mice and monitoring membrane depolarization induced by NMDA+Gly application as described above except, in addition to TTX, Cd 2+ (100 μM), and CNQX (10 μM) were also present in the bath to block VGCCs and AMPARs, respectively. In slices from mice injected with the Cre AAV, peak membrane depolarization induced by NMDA+ Gly was reduced by 60% relative to recordings from control AAV slices (control: 10.4 ± 1.4 mV, n = 14; Cre: 4.4 ± 1.7 mV, n = 14; Fig. 5F ); the decrease was similar to the extent inhibition achieved by intracellular perfusion of MK-801 into astrocytes via the patch electrode ( Fig. 5 C and D) . Under these conditions, recordings from a CA1 neuron showed that PPR disparity of convergent Schaffer collateral inputs was reduced by ∼50% (control: 0.39 ± 0.07, n = 23; Cre: 0.19 ± 0.03, n = 23; Fig. 5 G and H) . These observations provide further support to the key role for astrocyte NMDA receptors in promoting basal synaptic strength heterogeneity.
Optogenetic Hyperpolarization of Astrocytes Correlates Basal PPR of Convergent Inputs. Taken together, the above experiments suggested that directly activating astrocyte NMDARs induced depolarization of the astrocyte membrane that was needed to activate L-VGCCs, which, along with NMDARs, were required for the observed decorrelation of basal presynaptic strengths. If this were the case, then preventing astrocyte membrane depolarization should reverse the decorrelation (similar to the L-VGCC blockade), and the presynaptic strengths of convergent inputs should become more similar. Given the highly ramified structure of astrocytes and their low input resistance that made controlling their membrane potential difficult by standard electrophysiology methods, we took an optogenetic approach and used light-induced hyperpolarization of astrocyte membrane potential using ArchT (57) to test the effect on the PPR differences between convergent inputs.
AAV (DJ/8) carrying either GFP or ArchT-GFP under the full-length hGFAP promoter was microinjected bilaterally into the hippocampal area CA1 of 3-wk-old mice. After 6 d, GFP or ArchT-GFP was reliably expressed in GFAP-positive cells (Fig. 6  A and B) . The expression was highly specific to astrocytes in that cells double labeled for GFP and NeuN were limited to 0.8% of neurons in area CA1 (5 of 666 NeuN-positive cells showed colabeling with GFP; n = 4 slices). Using acute hippocampal slices prepared from virus-injected animals, we performed whole-cell patch-clamp recordings from ArchT-GFP-expressing astrocytes. Light stimulation (Materials and Methods) produced a reversible hyperpolarization of the astrocyte membrane potential under I-clamp (from −78.36 ± 0.35 to −102.51 ± 3.58 mV, n = 7; Fig. 6C ) and outward currents were detected in V-clamp (Fig.  S8) similarly to a recent study that expressed ArchT in astrocytes in the cerebellum (58) .
We then monitored EPSC amplitude and PPR of two independent inputs received by a CA1 neuron and tested the effect of a continuous, 10-min light activation of astrocyte ArchT. Light stimulation, which hyperpolarized astrocytes, rapidly and reversibly increased the EPSC amplitude relative to the baseline (ArchT: +27.8 ± 11.8%, n = 7; control: −6.01 ± 6.04%, n = 6; Fig. 6D ). This increase in EPSC amplitude indicated that basal depolarization of astrocytes provided an inhibitory tone on excitatory synaptic transmission. Remarkably, compared with the baseline, light stimulation decreased the PPR disparity between the two inputs in slices expressing ArchT but not in GFP control (at time 35 min, control: +33.3 ± 20.4%, n = 6; ArchT: −64.6 ± 20.5%, n = 7; Fig. 6 E-G) . Moreover, reminiscent of the time course of the effect of blocking L-VGCCs (Fig. 4G) , on light stimulation of ArchT, the PPR disparity was decreased by greater than 50% over several minutes; this effect was reversible as the level of disparity returned to the baseline 20-25 min after shutting off the light (Fig. 6E) . Therefore, our finding strongly implicates astrocyte membrane depolarization in the mechanism that promotes the decorrelation of PPR.
Discussion
Here we identified an astrocyte-dependent cellular process that serves to enhance the heterogeneity of presynaptic strengths by increasing the PPR disparity between inputs targeting the same neuron. This mechanism shares its key properties with the mechanism of heterosynaptic plasticity that we have also studied here, which counterbalances PPR of the nonstimulated input relative to that of the stimulated input. Furthermore, this astrocyte-dependent presynaptic regulation is observed in acute hippocampal slices and is recapitulated in dissociated cultures, a simplified system without the native topological organization of the hippocampal circuit. That the features of this presynaptic regulation are conserved in different conditions-i.e., between the basal state and during synaptic plasticity-and across different experimental preparations underscores the fundamental nature of the underlying mechanism.
The mechanism for generating presynaptic strength heterogeneity, which also supports heterosynaptic plasticity, may play an important role in the developing nervous system. For instance, this mechanism may represent a powerful way to orchestrate synapse competition where the relative strengths of competing terminals biases the winner by favoring stabilization of strong synapses at the expense of weaker synapses (18, 59, 60) .
Specifically, the mechanism we describe here could promote a two-step process where first it will help create differences in input strengths to ensure variability; subsequently, it will facilitate the selective stabilization of the strongest input (59, 60) . Importantly, the astrocyte-dependent mechanism that controls the disparity or the decorrelation of PPR we report here is not limited to the developing brain. Acute hippocampal slices from adult mice, which have been used for GluN1 conditional KO and ArchT experiments, show the dependence on astrocyte NMDARs and membrane depolarization for maintaining the PPR decorrelation (Figs. 5 E-H and 6) . Therefore, the mechanism that promotes the presynaptic strength heterogeneity is likely to function in concert with the various rules of synaptic plasticity that operates in the adult hippocampal circuit. For example, decorrelated presynaptic strengths may boost the circuit responsiveness under sparse activity conditions (61) or facilitate the reorganization of correlated networks that is associated with learning (62). Moreover, its dysregulation might culminate in diseased states; for instance, unrestrained correlation may nucleate synchronization of activity across synaptic networks, which is a hallmark feature of epileptic disorders (63) .
Mounting evidence supports a role for astrocytes in regulating synaptic transmission and synaptic plasticity (15, 64) . In general, astrocyte influence on neurons has been thought to be global, a view established by the prominent slow Ca 2+ transients that spread through the astrocyte network. However, recent studies have identified fast and local Ca 2+ signals that regulate synapse function in astrocyte processes, which are in physical proximity of synapses (17, (19) (20) (21) . Our finding of the role for astrocytes in controlling presynaptic strengths is compatible with such locally generated signals. Astrocytes must be capable of deciphering signals associated to different inputs, and the decoding mechanism could engage local Ca 2+ signals whose magnitudes might be related to the strength of synaptic inputs, as recently reported at the neuromuscular junction (18) .
We find that the decorrelation of presynaptic strengths requires membrane depolarization, NMDARs and L-VGCCs, and Ca 2+ signaling, all within astrocytes. Whereas the expression of NMDARs and L-VGCCs in astrocytes has been debated, our study is in line with previous studies reporting of the presence of these channels in astrocytes (43) (44) (45) (46) (47) (48) 50) . With respect to astrocyte NMDARs, we find that applying NMDA in the presence of TTX to prevent synaptic transmission directly triggers astrocyte membrane depolarization, and this depolarization is compromised by intracellularly infusing MK-801 or deleting GRIN1 in astrocytes. That we could obtain astrocyte-dependent NMDAR responses reliably in the presence of 1.5 mM extracellular Mg 2+ even though astrocytes have low resting membrane potential is compatible with the presence of NR3 containing NMDARs with reduced Mg 2+ block reported for cortical astrocytes (54) . Furthermore, a function for astrocyte NMDARs in modulating presynaptic release is supported by observations in which intracellularly infusing MK-801 or conditionally deleting GRIN1 in astrocytes reduces the PPR disparity between convergent inputs. Similarly, the expression of L-VGCCs in astrocytes is supported by the decrease in PPR disparity of convergent inputs on intracellularly delivering D890 into astrocytes.
How are these astrocyte-specific components-membrane depolarization, activation of NMDARs and L-VGCCs, and astrocyte Ca 2+ signaling-orchestrated to impose the presynaptic strength differences between inputs? Whereas we sampled, for every experiment, a set of two presynaptic inputs that converge onto the postsynaptic target neuron, the postsynaptic neuron receives synaptic inputs from numerous other afferents. One would then expect that the presynaptic strengths of other nonsampled inputs might be similarly decorrelated. Given such a situation, it is doubtful that an astrocyte mechanism exists that can specifically compare and counterbalance the strengths between a pair of presynaptic inputs. Rather, the decorrelated presynaptic strengths might emerge out of a local control of single synapses that is embedded within a global form of synapse regulation. Following experimental observations support the involvement of per synapse basis regulation. First, in heterosynaptic plasticity experiments, we find that, although the heterosynaptic EPSC amplitude and PPR changes are inversely related to the initial PPR of the stimulated input ( Fig. 2 A and B) , they do not show a relationship to the initial EPSC amplitude of the stimulated input (Fig. S3 ). This lack of relationship to the basal EPSC amplitude indicates that the presynaptic strength change at the nonstimulated input does not necessarily depend on the total number of active, stimulated synapses, and suggests that the presynaptic control could be executed independently of the coincident activation of many synapses. Second, the preservation of the astrocyte-dependent decorrelation of PPR in dissociated cultures indicates that the underlying mechanism does not rely on the unique topological organization of hippocampal area CA1 astrocytes and pyramidal neurons (65) . A regulatory process that operates on the basis of individual synapses that functions in concert with a global form of regulation is compatible with a simple system in which the spatial organization of the synaptic connections is variable. Although a single astrocyte in area CA1 is likely to contact more than 10 5 synapses (65), given the extensive gap junctional coupling of astrocytes, the spatial extent to which the present form of regulation operates remains to be addressed.
The mechanism that ensures presynaptic strength heterogeneity we describe here highlights a form of homeostatic function for the postsynaptic neuron. That is, by compensating high p r synaptic inputs by weakening of other synaptic inputs received by the postsynaptic neuron, it provides a boundary to the total excitatory drive. This compensatory activity functions over the time scale of minutes as illustrated by the rapid loss of decorrelation on blocking L-VGCCs or hyperpolarizing of astrocyte membrane by ArchT (Figs. 4G and 6 E and G) . Notably, the overall average presynaptic strength received by the neuron is not altered under conditions when the decorrelation of presynaptic strengths between convergent inputs is decreased (Fig. S5 ). This lack of change in average synaptic strength suggests that the mechanism that decorrelates presynaptic strengths itself is not setting the limits for the range of excitatory drive but functions in compliance with the homeostat to produce the variability.
Based on our findings, we propose the following scheme for initiating the decorrelation of presynaptic strengths (Fig. S9) . We postulate that astrocytes impart a suppressive tone on excitatory synaptic transmission (27, 66, 67) ; this could be mediated via the tonic release of inhibitory gliotransmitters such as ATP that is hydrolyzed extracellularly into adenosine or endocannabinoids (15, 64, 68) . Glutamate released from active synapses (with a high p r ) activates NMDARs on the surface of a nearby astrocyte process, causing a local depolarization of the astrocyte membrane. The membrane depolarization in turn, opens L-VGCCs that engage intracellular Ca 2+ signaling within astrocytes. We propose that the change in global Ca 2+ signaling serves to strengthen the tonic inhibitory tone on excitatory synapses, whereas locally, the active synapses are protected from the inhibition. The model involves a global signal that acts in concert with a local signal, and it takes into account the astrocyte membrane depolarization, NMDARs and L-VGCCs on astrocytes, and astrocyte Ca 2+ signaling that are required for the observed PPR decorrelation. Notably, the model also explains the reversal of the polarity of heterosynaptic depression by the L-VGCC inhibitor, which compromises the global Ca 2+ signaling that is proposed to stimulate the inhibitory tone on excitatory synapses. That astrocytes in general exert an inhibitory tone on excitatory synapses is supported by the ArchT experiments in which light-induced hyperpolarization of the astrocyte membrane potential is accompanied by a rapid increase of the EPSC amplitude (Fig. 6D) (66) . At present we do not know the nature of the protective signal that spares active synapses from the inhibitory tone. The apparent protection from inhibition could at least in part result from a local positive feedback regulation by the active synapse (20) and likely involving astrocyte Ca 2+ signaling that shows a highly complex spatial and temporal dynamics (15, 64, 69) . Future studies warrant a careful examination of the various synaptically evoked signals to tease apart those crucial for controlling the presynaptic strength decorrelation.
Materials and Methods
Cell Culture Preparations and Transfection. Hippocampal cultures were prepared from P0-P1 rats and plated at low density onto an astrocyte monolayer. The cultures were maintained as described previously (1) and used for electrophysiology experiments at days in vitro (DIV) 9-14. To probe synaptic vesicles dynamics, neurons were transfected with a plasmid encoding VGLUT1-pHluorin (kindly provided by Robert Edwards, University of California, San Francisco) at DIV 6 using Lipofectamine 2000 (Invitrogen). Cultures were used for imaging/electrophysiology experiments at DIV 9-14.
In Vivo Virus Injections. Infection of astrocytes in vivo was performed as described previously (70) . For ArchT experiments, full-length hGFAP promoter constructs were used, and 700 nL AAV-DJ/8 virus solutions were bilaterally injected into brains of 3-wk-old C57BL/6J mice. Targeting coordinates for dorsal hippocampus area CA1 were +1.9 mm anteroposterior from bregma, ±1.7 mm mediolateral, and +1.6 mm dorsoventral. Concentrations of recombinant AAV, determined by real-time quantitative PCR, were 1.0 × 10 13 viral particles (vp)/mL for both AAV-DJ/8-hGFAP-GFP and AAV-DJ/8-hGFAP-ArchT-EGFP. For GluN1 conditional KO experiments, Cre and control AAV constructs were based on a shortened hGFAP promoter (56) , and virus solutions were injected into brains of 5-to 6-wk-old mice homozygous for the floxed gene encoding GluN1 (55) . The stereotaxic coordinates were as follows: X (anteroposterior from bregma), +1.9 mm; Y (mediolateral), ±1.9; Z (dorsoventral), +1.4 mm; and X, +3 mm; Y, ±2.7; Z, +1.4 mm in both hemispheres. Recombinant AAV concentrations were 9.0 × 10 12 vp/mL for AAV-DJ/8-GFAP104-EGFP and 5.9 × 10 12 vp/mL for AAV-DJ/ 8-GFAP104-nlsCre-mCherry, respectively.
Hippocampal Slice Preparations. Transverse hippocampal slices were obtained from young (P14-P21) male Sprague-Dawley rats. For experiments involving astrocyte expression of control GFP or ArchT, acute hippocampal slices were prepared from 4-wk-old mice at least 6 d after virus injection, and for conditional GluN1 KO experiments, slices were made from 7-to 8-wk-old mice at 2 wk after virus injection (above). For details, see SI Materials and Methods.
Electrophysiology. Patch-clamp recordings from dissociated cultures and acute hippocampal slices were performed at room temperature using Axopatch 200B and Multiclamp 700B amplifiers (Axon Instruments). For details, see SI Materials and Methods.
Live Cell Imaging. For estimating the RRP size at single boutons in dissociated cultures, VGLUT1-pHluorin (VGLUT1-pH)-transfected neuron was patchclamped along with a postsynaptic neuron filled with 100 μM AF 594 dye. The presynaptic neuron was stimulated at 20 Hz for 2 s (100 mV, 1-to 2-ms step depolarization) under V-clamp. Time-lapse VGLUT1-pH images were acquired at 1Hz on an iXon EMCCD camera (Andor Technology) driven by Metamorph software (Universal Imaging). ΔF/F for identified active boutons was measured after subtracting local background, where F is the initial fluorescence. This measurement was repeated before and 20 min after the 1-Hz, 3-min stimulation of the presynaptic neuron.
Immunohistochemistry. Brain sections from mice injected with AAV were prepared and processed for immunohistochemistry using standard procedures. For details, see SI Materials and Methods.
Light Stimulation. The light at excitation wavelength for red fluorescence probes from Spectra X light engine (Lumencor) was passed through a neural density filter and a 560/40-nm filter, and delivered through a 40×, 0.8 N.A. water-immersion objective. Under this condition, the power density measured at 560 nm was 2 mW/mm 2 .
Statistics. For normally distributed data (as determined by the d'AgostinoPearson normality test), differences were tested using the paired or unpaired two-tailed Student t test or one-way ANOVA. The Mann-Whitney test, the Wilcoxon test, or the Kruskal-Wallis test was used when criteria for normality were not met. Graphpad Prism software was used for statistical analysis. Data are expressed as mean ± SEM.
